Abstract
Introduction
Neutrophils, also known as polymorphonuclear leukocytes (PML) are amongst the most abundant leukocytes in human beings. In adults, approximately 1 to 2 × 10 11 neutrophils are generated in the bone marrow each day [1] . They are released into the blood stream, where they circulate for four to ten hours, after which they die.
When an infective agent passes first-line defences of the body, neutrophils are the first cells that infiltrate the inflamed tissue and try to overcome the infection [2] . For this purpose, they use three main strategies. First of all, neutrophils can phagocytose invading microorganisms. A second mechanism is connected with the release of reactive oxygen species (ROS) and granular, antimicrobial proteins. Unfortunately, this strategy can damage healthy tissue and has given rise to the description of neutrophils as friend and foe. Despite that, these mechanisms are highly effective against bacteria, fungi and protozoa [3, 4] .
A new third line of attack was discovered by Brinkman et al. in 2004 [5] . They observed that neutrophils were capable of releasing their nuclear DNA content in the form of an extracellular fibres, which they aptly named neutrophil extracellular traps (NETs). Since then, there has been a rush of research exploring the mechanism and functioning of NETs, and to a lesser extent extracellular traps generated by other type of cells. This article will review the main outcome of this research, followed by an analysis of how to study the formation of extracellular traps by in vitro isolation and quantification of them.
NETs: what are they
It should be noted that neutrophils are not the only cells capable of extracellular trap formation. It has been shown that monocytes [6] , eosinophils [7] and mast cells [8] are other examples of cells employing this strategy. However, research has focussed on neutrophils and therefore, from all extracellular traps (ETs), neutrophil extracellular traps (NETs) are best understood at this moment.
Brinkman and colleagues [5] described NETs as free structures that are capable of degrading virulence factors, especially trapping and killing bacteria. They found proteins from primary, secondary and tertiary granules as well DOI: 10.5114/ceji.2012.32719 as histones incorporated in the structure. However, nuclear DNA was found to be the main structural component, with DNAse being capable of degrading the NETs structure. Neutrophil extracellular traps can be formed and released at sites on inflammation as soon as 10 minutes after activation [5, 9] . This is an active mechanism that is now usually referred to as '(N)ETosis' [5] . Because this strategy kills not only the microorganism, but also the neutrophil itself, it has to be carefully regulated. It has been hypothesized that the neutrophil does this by sequentially using the available strategies, starting with phagocytosis, followed by degranulation and finally, when all else has failed, by NETosis [3] . It is possible for a neutrophil, instead of using nuclear DNA, to form NETs from mitochondrial DNA. This method does not affect the life span of the neutrophil [10] . However, neutrophils seem to rarely employ this method, unlike e.g. eosinophils [3] .
In a cell undergoing ETosis, the nucleus loses shape, followed by homogenization of the chromatins. Next, the nuclear envelope breakers, as well as the granular membranes, allowing the chromatins to mix with the granular proteins. Finally the cell membrane breaks allowing the NET to function extracellularly [11] . Pilsczek et al. [9] described an alternative process that seems to coexist with the former. They described a very rapid process, taking 5 to 60 minutes, NETs were formed in part from the nuclear DNA which have been delivered to the cytoplasm by a vesicle originating from the nucleus. As a further step, the nuclear membrane dissipate, releasing more DNA into the cytoplasm, possibly for further NET formation. This vesicle-based NET formation does not seem to occur when mitochondrial DNA is used [9] .
The initiation of both forms of NETosis is dependent on the presence of ROS, and a mutation in the gene for NADPH disables NET formation completely [3] . However, at this moment it is unknown how ROS are involved in NET formation. Another factors that is crucial for NET formation is the upregulation of antiapoptotic proteins, thus allowing the cell to undergo NETosis instead of apoptosis. Furthermore, NET formation appears to be dependent on the Raf-MEK-ERK pathway [12] .
The functions of NETs Bactericidal effects
As mentioned before, the main function of NETs is to contain and kill invading micro-organisms. These are clearly two distinct functions, because Menegazzi et al. [13] found live bacteria in traps, and several others have described how some bacteria find their ways to escape from the NETs. Menegazzi even hypothesized that NETs have no bactericidal effect, but are only capable of entrapping microorganisms [13] . This, however, is inconsistent with several other studies that did describe a bactericidal properties of NETs. Pilsczek et al. [9] found NETs capable of killing Staphylococcus aureus and Parker et al. [14] described the granular protein myeloperoxidase (MPO), as a part of NET structure, being bactericidal in the presence of hydrogen peroxidase (H 2 O 2 ), secreted in abundance by neutrophils. Since the presence of ROS is necessary for NET formation, MPO can be considered as bactericidal in all NETs. The abovementioned studies confirm the conclusion that destruction of NETs by DNAse decreased the bactericidal effects of neutrophils [5] .
NETs and disease
The discovery of NETs has had a considerable influence on our understanding of health and disease. For example, it was not understood why statins increase the effectiveness of phagocytes in spite of the fact they decrease ROS bursts and phagocytosis. Recently it has become clear that they enhance NET formation [15] . Another example where NETs seem to play a key role, is sepsis where NET formation is induced by TLR-4-dependent interaction between platelets and neutrophils [16] .
Although it has become more and more clear that, like the other measures at the neutrophil's demand, NETs may also have negative impact on human health. For instance Gupta et al. [17] found that NETs formed after activation by placental interleukin 8 (IL-8) and SBTM, plays a pathogenic role in preeclampsia. Moreover Kessenbrock et al. [18] found NETs to trigger vasculitis and to promote the autoimmune response against neutrophil components in patients with small vessel vasculitis.
From a different perspective, Margraf and colleagues [19] found a preliminary evidence that the amount of circulating DNA derived from NETs may become a prognostic marker for posttraumatic development of inflammatory second hit and sepsis. The observation of Lögters et al. [20] in septic arthritis correspond with this findings. Recently different studies started to highlight the role of NETs in different pathological conditions.
Studying NETs
In order to study the DNA of NETs, or any other type of extracellular trap, three basic steps can be performed. First of all, neutrophils must be isolated from patient blood. Secondly, they must be activated in vitro. Thirdly, the NET can be visualised and/or the ET-DNA can be measured by a quantitative assay of DNA in the sample. To fully evaluated the process of NET formation all three steps should be assessed. However, according to Margraff et al. [19] for the diagnostic purposes the first two steps are redundant.
Isolation and activation of neutrophils
Isolation of neutrophils can be done easily, either automatically by automatic method or manually with the use of gradients and centrifugation. Always the short life-span of neutrophils should be taken into account. Activation can be performed by a multitude of reagents, including bacterial LPS, GM-CSF followed by TLR-4 or C5a [20] . The most frequently used reagent is PMA [12, 14] . This reagent has a profound effect on the NET formation.
Another factor that influences both the number of viable neutrophils recovered after isolation and their potential to be activated, is the anticoagulant. Freitas et al. [21] , observed that EDTA samples gives the highest yield of neutrophils, almost twice higher as heparin samples, which in turn gives a significantly higher yield than citrate. However, heparin and citrate resulted in a higher absolute count of activated cells after in vitro addition of PMA. This suggest that, when neutrophils are isolated with for research purposes that necessitate their in vitro activation, heparin and citrate may be the preferred anticoagulants.
Visualisation of NET
There are diverse methods for the visualisation of NET. Neutrophil extracellular traps were first discovered using electron microscopy [5] . However, as a quantification technique this would be laborious. Moreover, it can be difficult to distinguish NETs from fibrin fibres [22] . Nonetheless, there are many techniques available based on DNA staining, usually after the application of PCR. These techniques, as well as their advantages and drawbacks will be discussed in the next section.
Quantification of ETs-DNA by fluorescence analysis Fluorescence
The phenomenon of fluorescence was first described by George Stokes in 1852. He noticed that fluorspar and uranium glass have the ability to change invisible light beyond the violet end of the visible spectrum into blue light [23] . Following that discovery fluorometric assays were developed through years. Presently this method is widely used in chemistry, geology, life sciences and forensics.
Fluorescence is used in the life sciences generally as a non-destructive way of tracking or analyzing biological molecules. It was shown that some proteins and small molecules in cells are fluorescent by nature. Phycoerythrin, GFP, chlorophyll and NADH proteins have the ability of autofluorescence (also called intrinsic fluorescence). On the other hand fluorescent dyes can be attached to proteins, nucleic acids, lipids or small molecules. This dye, called fluorophore, can be composed from small molecules, proteins or quantum dots. Fluorophores can be divided into two classes: intrinsic and extrinsic. The intrinsic are those that can be found naturally inside the cell, whereas the extrinsic are artificially added to a specimen that does not display the desired spectral properties [24] . The basic principle is that a fluorophore is a component that causes a molecule to absorb energy of a specific wavelength and then re-emit energy at a different, but equally specific, wavelength. The amount and wavelength of the emitted energy depend on both the fluorophore and its chemical environment [25] . The quantification of a dye is performed with a spectrofluorometer, technique that finds applications in many fields of science such as microscopic observation, immunology, fluorescence-activated cell sorting (FACS), biosensors and genetic material detection.
DNA detection
The original techniques used for DNA detection were radioactive labelling and silver staining. Both methods had their own limitations and disadvantages. Radioactive labelling visualises components of target molecule with use of P 32 that is incorporated into one of the dNTPs. After PCR the DNA strands will contain the radiolabel. When exposed to photographic film the radiation leaves dark bands on the film at the positions of DNA bands in the gel. Major disadvantages of this method are the short half-life of the reagents and the radiation hazards [26] . Alternative method based on silver staining is a quite safe and easy. After DNA amplification and electrophoresis a silver salt solution is added to gel chamber. Silver ions bind to the bases within the gel matrix after which they can be reduced by formaldehyde under alkaline conditions [27] . Silver staining is less hazardous than radioactive detection methods but is not as convenient as fluorescence methods. The primary advantage of silver staining is that reagents are safe and inexpensive. Sensitivity is approximately 100 times higher than that obtained with ethidium bromide staining. The major disadvantages are that image is only of one colour [28] .
Current techniques of DNA/RNA labelling are always based on fluorescent dyes. Some dyes can incorporate into DNA during PCR, others like SYBR Green intercalate into DNA structure. The mechanism can be based on the introduction of aldehyde groups by partial depurination of the DNA or oxidation of the 3'-terminal ribonucleoside in RNA by sodium periodate. Fluorescent labels with an attached hydrazine group are efficiently coupled with the aldehyde groups and the hydrazone bonds are stabilized by reduction with sodium cyanoborohydride. Alternatively, DNA can be quantitatively split at the depurinated sites with ethylenediamine. The aldimine bond between the aldehyde group in depurinated DNA or oxidized RNA and ethylenediamine is stabilized by reduction with sodium cyanoborohydride and the primary amine group introduced at these sites is used for attachment of isothiocyanate or succinimide derivatives of fluorescent dyes. The fluorescent DNA labelling can be carried out either in solution or on a reverse phase column [29] . These procedures are very convenient because they are safe and they can incorporate one fluorescent dye molecule per DNA/RNA fragment, thus quantitative measurements can be performed. Moreover more than single colour of dye can be used allowing distinguish one kind of DNA from another and multiplex polymerase chain reaction can be carry out as well [29, 30] .
Attempts of extracellular traps-DNA quantification based on fluorescence
In most studies ETs were derived from neutrophils. Neutrophil extracellular traps generated by activated neutrophils are quite difficult for quantitative analysis. The DNA backbone of this structure is filled with variety of cell proteins. It also seems that these structures are connected with cell fragments. Fuchs and colleagues showed that NETs can only form when the cell membrane was ruptured in a way that differ from apoptosis. They used an Annexin V test that clearly demonstrates that NETs emerge from dying neutrophils. This also shows that NETs are not released by apoptotic neutrophils because phosphatidylserine was not exposed before the rupture of the plasma membrane, as indicated by the loss of calcein blue [31] .
Due to the fact that DNA is a major structural component of NETs, the fluorescent DNA stains Sytox ® Green and Sytox ® Orange are often used to both visualize NET release from neutrophils and to quantify fluorometric NETs-DNA [10, 32-34 and others] . Both Sytox ® dyes have a high affinity for nucleic acids. They only penetrate cells with disrupted plasma membranes because they cannot cross the membranes of live cells of the choice between both dyes is determined by filter of a fluoroscope. While Sytox ® Green gives a bright green picture when excited with the 450-490 nm laser, Sytox ® Orange is excited by 520-550 nm source and gives a bright orange light [35, 36] . Picogreen ® and Hoechst 33258 -based assay are also used to check the NETs-DNA [31, 33, 37, 39] . Both dyes are ultra sensitive fluorescent nucleic acid stains for quantifying double-stranded DNA in solution. The first gives a bright green fluorescence whereas another is a blue dye. It seems that Picogreen ® staining is better for NETs quantitative analysis due to the fact that Hoechst-based assay is selective for dsDNA and does not show significant fluorescence enhancement in the presence of proteins which can be found within NETs structure [37] [38] [39] .
Assays are often performed in 96-well microplates. Sytox ® Dyes are also bound to cell membrane fragments, thus the sample after incubation and induction of NETs cannot be measured without further maintenance. This maintenance includes the use of nuclease enzyme that is necessary to detach ETs from cell fragments which sediment in the sample [40] . The bacterial nuclease or MNase, which induces partial digestion, is widely used, though its concentration and reaction time differ within protocols. After incubation with such enzymes a chelating agents must be used in order to stop DNA fragmentation. Usually EDTA is sufficient but ethylene glycol tetraacetic acid (EGTA) can be used when calcium ions are investigated as well [32, 37] . After partial digestion the well-plates are centrifuged. This step cause DNA fragmentation in wells. The pellet contains all cell fragments and unnecessary proteins whereas the supernatant contains the soluble ETs. Another advantage is that the quantitative fluorescence assays does not have to be performed immediately, because supernatants samples after nuclease treatment can be stored at 4 o C until further use [31, 34] . Since only a certain percentage of cells in a culture produce ETs, it is good to estimate the percentage of released ET-DNA. In order to do that it is necessary to isolate whole genomic genetic material from the same number of cells which are used for ETs generation. The percentage of cell undergoing ETosis can be calculated by dividing the amount of isolated ET-DNA through the average genomic DNA content [31] .
Summary
During the past few years ETs were studied very intensively. However, the methods by which ETs are explored still largely differ between studies and an optimal, standardized procedure is still lacking, though it could significantly aid in the development of our understanding of ETs. However, fluorescent staining with the purpose of quantitative analysis of ET-DNA seems promising to be feasible and useful, both for clinical studies and diagnostic purposes.
